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Abstract. In Ref. [1], we had considered simplified dark matter models interacting
gravitationally with the Standard Model particles in a Randall-Sundrum frame work where
models are considered with non-universal couplings. In the top-philic graviton model the
right-handed top quarks are taken to interact strongly with the gravitons and in the lepton-
philic model, we assume that only the right-handed charged leptons interact strongly with the
gravitons. We extend the study to include not only the scalar, vector and spin-1/2 fermions
but also spin-3/2 fermionic dark matter. We find that there is a large parameter space in these
benchmark models where it is possible to achieve the observed relic density consistent with the
direct and indirect searches, which are also consistent with the data from Large Hadron Collider.
1. Introduction
The dark matter constitutes roughly 75% of the entire matter existing in the Universe. The
Planck collaboration has measured the DM density to great precision and has given the value
of relic density ΩDMh
2 = 0.1198 ± 0.0012 [2]. Though the nature of the DM particles remains
elusive. In this work we consider bulk Randall-Sundrum (RS) model in which (i) only the
right-handed top-quarks (top-philic) interact strongly with KK graviton [3] or (ii) only the
right-handed leptons (lepto-philic) interact strongly with the KK gravitons. We also extend the
study to consider spin-3/2 DM particle, along with the scalar, vector and spin-1/2 fermionic
DM particles.
2. Dark matter in the Randall-Sundrum framework
In the RS framework, the particle interaction with the massive spin-2 gravitons Yµν is purely
gravitational and is through the energy-momentum tensor being given by
Lint = −
∑ ci
Λ
YµνT
µν
i , (1)
where Tµνi is the energy-momentum tensor of the i
th particle, ci is the corresponding coupling
and Λ is the scale of KK graviton interaction. We assume the DM fields to be either a real
scalar, a real vector, a vector-like spin-1/2 Dirac fermion or a spin-3/2 fermion. The DM fields
are further assumed to be SM singlets which do not carry any SM charge. It is also assumed
that the DM particles are odd under a discrete Z2 symmetry so that there is no mixing between
the DM and SM fields. It is assumed that the DM particles live on the IR brane. The mass of
the DM particle is taken to be less than the mass of the gravitons for simplicity so that there
is no DM annihilation into KK graviton states. We consider two benchmark models depending
upon the relative placement of SM particles on or near the branes:
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Model A In the first benchmark model (Top-philic KK graviton) the right-handed top-quarks
alone are assumed to be located on the IR brane, SU(3)C and U(1)Y gauge bosons live in
the bulk and the rest of the SM fields including the SU(2)L gauge bosons live on the UV
brane or close to it. The interaction Lagrangian for this model is given as:
Lint = − 1
Λ
[
i
ctt
4
{
t¯R
(
γµ
←→
D ν + γν
←→
D µ
)
t− 2 ηµν t¯R
←→
/D tR
}
+
αS
4pi
cgg
{1
4
ηµνGλρa G
a
λρ −Gµλa Gaνλ
}
+
α
4pi
c1
{1
4
ηµνBλρBλρ −BµλBνλ
}]
Yµν , (2)
where Dµ = ∂µ + i(2/3) g1Bµ + igst
aGaµ is the covariant derivative for the right-handed
top quark field, Gµ and B
a
µ are the gluon and U(1)Y gauge boson fields respectively. The
coupling ctt are scaled by appropriate loop suppression and ctt > cggαS/4pi ∼ c1α/4pi 
other couplings.
Model B In the second benchmark model (lepto-philic KK graviton), the right-handed leptons
are assumed to live on the IR brane and only the U(1)Y gauge bosons are assumed to live
in the bulk with the rest of the SM particles including the gauge bosons live close to or on
the UV brane and the interaction Lagrangian is as follows:
Lint = − 1
Λ
[
i
∑
`=e,µ,τ
c``
4
{
¯`
R
(
γµ
←→
D ν + γν
←→
D µ
)
`− 2 ηµν ¯`R
←→
/D `R
}
+
α
4pi
c1
{1
4
ηµνBλρBλρ −BµλBνλ
}]
Yµν , (3)
where Dµ = ∂µ + i
2
3g1Bµ is the covariant derivative for the right-handed leptons.
The DM particles scalars (S), vectors (V ), spin-1/2 fermions (χ) and spin-3/2 fermions (Ψ) are
taken to be present on the IR brane and interact with KK gravitons with a coupling strength
of order one, through the energy-momentum tensor. The interaction Lagrangian is given as
Lint = − 1
Λ
cDMYµνT
µν
DM. (4)
For the expression of energy-momentum tensor TµνDM we refer [1]. After electroweak symmetry
breaking, the coupling between Yµν and U(1)Y gauge bosons is written in terms of coupling of
Yµν with photons and Z bosons as
LY ⊃ − 1
Λ
[
α
4pi
cγγ
(
1
4
ηµνAλρAλρ −AµλAνλ
)
+
α
4pi
cZγ
(
1
4
ηµνAλρZλρ −AµλZνλ
)
+
α
4pi
cZZ
(
1
4
ηµνZλρZλρ − ZµλZνλ
)]
Yµν . (5)
The couplings of cγγ , cγZ and cZZ can be obtained from the coupling c1 and are given as
cγγ = c1 cos
2 θW ,
cZγ = −c1 sin 2θW = − sin 2θW cγγ/ cos2 θW ,
cZZ = c1 sin
2 θW = tan
2 θW cγγ .
 (6)
Since the gravitons couple strongly with the right-handed top quarks in benchmark model
A and with right-handed charged leptons in model B, the top quark and lepton triangle loop
contribution to the graviton-gluon and graviton-U(1)Y gauge bosons can typically be of the same
order as the corresponding tree-level couplings. The resulting effective loop induced couplings
ceffgg,γγ are evaluated in Refs. [1, 4, 5].
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Figure 1: Contours of constant relic density ΩDMh
2 = 0.119 in the mDM−mY plane for the case
of scalar, spin-1/2, vector and spin-3/2 dark matter particles in the benchmark model (a) A
and (b) B correspond to the KK-graviton interaction scale Λ = 1 TeV. The value of couplings
ctt, cgg, cll and c1 are taken to be equal to 1.
3. Dark matter phenomenology
3.1. Thermal relic density
The expansion of the Universe in the RS model in the presence of radius stabilisation mechanism
turns out to be in agreement with the effective 4-D description [6, 7]. Thus in the early Universe,
DM is in thermal equilibrium with the hot dense plasma and as the Universe expands and cools,
it freezes out. The thermally averaged cross-section can be written as a one-dimensional integral
over the centre of mass energy square s as
〈σ|v〉 = 1
8m2DM [K2 (mDM/T )]2
∞∫
4m2DM
(
s− 4m2DM
)√
s σannK1
(√
s
T
)
ds , (7)
where K1 and K2 are the modified Bessel functions of the second kind, the annihilation cross-
section σann depends only on the masses, s and couplings of the DM and SM particles involved.
The Boltzmann equation can be solved to give the thermal relic density
ΩDMh
2 ' 1.07× 10
9 xF
MPl
√
g∗(xF ) 〈σ|v〉
. (8)
Here h is the Hubble parameter today, g∗(xF ) is total number of dynamic degrees of freedom
near the freeze-out temperature TF and xF = mDM/TF is obtained by solving
xF = ln
[
c(c+ 2)
√
15
8
gMPlmDM 〈σ|v〉
8pi3
√
xF
√
g∗(xF )
]
(9)
and c is of order 1. We have computed the relic density in the two benchmark models considered
here numerically. The required model files generated using LanHEP [8] which calculates all
the required couplings and Feynman rules by using the Lagrangian given in Section 2. Then
the model files are used in CalcHEP [9] to calculate the required decay widths annihilation
cross sections. In Fig. 1 we show the 2σ contour of constant relic density 0.119 in the DM mass
(mDM) and KK graviton mass (mY ) for fixed KK graviton interaction scale Λ for the case of
scalar, spin-1/2, vector and spin-3/2 dark matter particles in the benchmark models A and B
respectively.
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Figure 2: Dark matter-nucleon scattering cross-section as a function of DM mass in model A
correspond to the KK-graviton interaction scale (a) Λ = 1 TeV and (b) Λ = 3 TeV. Current
bounds on spin-independent interactions from experiments like PANDA 2X-II 2017 [13] and
XENON1T [14, 15] are also shown. All points on the contour are consistent with the observed
relic density ΩDMh
2 = 0.119.
3.2. Direct detection
In non-relativistic approximation, the spin-independent scattering cross-section does not depend
on the spin of the DM particle. The spin-independent DM-nucleon scattering cross-section is
given by
σSI =
1
729pi
(
ceffgg
)2
c2DM
(
µ
mN
)2( mN
ΛmY
)4
m2DM
[
f
(N)
TY
]2
' 1.75× 10−49
(
ceffgg
)2
c2DM
(mDM
TeV
)2(TeV
Λ
)4(TeV
mY
)4
cm2, (10)
where mN the nucleon mass and µ = mDMmN/(mDM +mN ) is the reduced mass.
In the lepto-philic model B considered here, DM-nucleon scattering arises through KK
graviton-photon effective coupling which is suppressed by α/4pi. The DM-nucleon scattering
cross-section is further suppressed by (α/4pi)2 and does not give any meaningful constraint
and is much below the sensitivity level achieved in the current or planned direct detection
experiments [10, 11, 12]. Using the expression Eq. (10) we have plotted the spin-independent
DM-Nucleon scattering cross-section in the bench-mark model A as a function of DM mass
in Fig. 2. The parameter set used in the computation are consistent with the observed relic
density given in Fig. 1. The upper limits from PANDA 2x-II 2017 [13] and XENON-1T [14, 15]
are also shown with the forbidden region.
3.3. Indirect detection
Fermi-LAT [16, 17] and H.E.S.S [18, 19] have investigated DM annihilation as a possible source
of incoming photon flux. These experiments are then used to put constraints on the upper limit
of velocity averaged scattering cross-sections for various channels which can contribute to the
observed photon flux. In Fig. 3 we have plotted the variation of velocity-averaged scattering
cross-section 〈σv〉γγ with the DM mass in bench-mark model A and B respectively. We have
also shown the observational constraints for the two photon final state annihilation rates. We
find that the annihilation cross-sections for the above processes in the benchmark models A and
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Figure 3: Velocity-averaged cross-section 〈σv〉γγ in the benchmark model (a) A and (b) B
correspond to the KK-graviton interaction scale Λ = 1 TeV. The current upper bounds from
the Fermi-LAT [16] and H.E.S.S. [18, 19] data are shown. All points on the contour satisfy the
observed relic density.
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
 0.1  1
Λ = 3 TeV
5
σ
(p 
p →
 
Y
) [
pb
]
mY (TeV)
cgg = 1
(a)
10-2
10-1
 10.5 5
Λ 
(T
eV
)
mY (TeV)
ctt = c1 = cgg = 1
(b)
Figure 4: (a) KK graviton production LO cross-section multiplied by the K factor 1.3 through
gluon fusion including the right-handed top loop. The cross-section is given for
√
s = 13 TeV for
Λ = 3 TeV and the couplings ctt = cgg = 1. The cross-section for different values of Λ and the
couplings can be obtained by scaling. (b) Constraints on the KK graviton interaction scale Λ as
a function of graviton mass from the observed 95% C.L. lower limits of the resonance searches
for
√
s = 13 TeV at 35.9 fb−1 by CMS [21].
B are roughly three to four orders of magnitude smaller than the current upper bounds from
the Fermi-LAT [16, 17] and H.E.S.S [18, 19] data.
3.4. LHC constraints
The s-channel graviton (Y ) production pp→ Y at LHC in our benchmark model A is dominated
by gluon fusion and through the right-handed top quark loop. We calculate the Y production
leading order (LO) cross-section at
√
s = 13 TeV at 35.9 fb−1 . In Fig. 4a, Y production LO
cross-section multiplied by the K-factor 1.3 [20] is shown for the graviton mass mY lying between
100 GeV to 5 TeV by using the effective coupling ceffgg . The cross-section for a given value of Λ
can be obtained by scaling.
In order to estimate the constraints on the graviton interaction scale Λ, we employ the recent
CMS [21] data for resonance searches in the narrow-width approximation for tt¯ production cross-
section at
√
s = 13 TeV with a luminosity of 35.9 fb−1 and taking the Y → tt¯ branching ratio to
be one. The tt¯ final state of the KK graviton gives the strongest constraint on the scale factor Λ.
In Fig. 4b, we have shown the constraints on the graviton interaction scale Λ from the observed
95% C.L. lower limits given by CMS. We find that the lower limit on Λ for all mass points mY
lying between 500 GeV to 5 TeV for which the data exists is less than a few hundred GeV.
4. Conclusions
In conclusion, the top-philic as well as the lepto-philic models in the Randall-Sundram framework
discussed in this work, are capable of explaining the observed relic density for a reasonable set
of parameters without transgressing the constraints from the direct and indirect experiments.
They are also consistent with the LHC data.
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